Electrosyneresis and double diffusion are immunoprecipitation techniques commonly used in the serological diagnosis of Farmer's lung disease (FLD). These techniques are reliable but lack standardization. The aim of this study was to evaluate Western blotting for the serodiagnosis of FLD. We carried out Western blotting with an antigenic extract of Lichtheimia corymbifera, an important aetiological agent of the disease. The membranes were probed with sera from 21 patients with FLD and 21 healthy exposed controls to examine the IgG antibody responses against purified somatic antigens. Given the low prevalence of the disease, 21 patients could be considered as a relevant series. Four bands were significantly more frequently represented in membranes probed with FLD sera (bands at 27.7, 40.5, 44.0 and 50.5 kDa) than those probed with control sera. We assessed the diagnostic value of different criteria alone or in combination. The diagnostic accuracy of the test was highest with the inclusion of at least two of the following criteria: at least five bands on the strip and the presence of one band at 40.5 or 44.0 kDa. Sensitivity, specificity and positive and negative predictive values were all 81 %, and the odds ratio was 18.06. Inclusion of bands of high intensity diminished rather than improved the diagnostic value of the test. We concluded that Western blotting is a valuable technique for the serodiagnosis of FLD. The industrial production of ready-to-use membranes would enable the routine use of this technique in laboratories, and provide reliable and standardized diagnostic results within a few hours.
INTRODUCTION
Hypersensitivity pneumonitis is a pulmonary disease caused by an excessive immune response to inhaled antigenic particles to which subjects have been sensitized previously (Selman, 2004 ). Farmer's lung disease (FLD) is the most frequent occupational hypersensitivity pneumonitis for dairy farmers in the Jura mountains, with a prevalence reaching 4 % (Dalphin et al., 1994) . The most commonly involved antigens are actinomycetes (Saccharopolyspora rectivirgula) and fungi (including Lichtheimia corymbifera, Eurotium amstelodami and Wallemia sebi) (Erkinjuntti-Pekkanen et al., 1999; Lappalainen et al., 1998; Reboux et al., 2001) . The mucoraceous mould L. corymbifera (previously Absidia corymbifera) is one of the main species of fungi isolated from hay in farms of the Jura region and Finland. This fungus is significantly more abundant at farms linked to cases of FLD than at farms with no reported cases of FLD (Reboux et al., 2001) . Furthermore, the initial response of respiratory epithelium following its exposure to extracts of L. corymbifera strongly suggested that this fungus is involved in the development of FLD (Bellanger et al., 2010) .
Hypersensitivity pneumonitis is difficult to diagnose, and a positive diagnosis is thus made from a combination of biological, clinical and radiological signs. These include serum antibodies against offending antigens, interstitial markings on chest radiographs, a lymphocytic alveolitis on bronchoalveolar lavage and/or a granulomatous reaction on lung biopsies (American Thoracic Society, 1998; Dalphin et al., 2009; Patel et al., 2001) . The presence of precipitating antibodies against offending antigens has often been considered as simply a marker of exposure (American Thoracic Society, 1998; Cormier et al., 2004; Khan et al., 1995) ; however, Lacasse et al. (2003) reported that such antibodies are significant predictive factors of hypersensitivity pneumonitis [odds ratio (OR): 5.3; 95 % confidence interval (CI): 2.7-10.4] (Lacasse et al., 2003) . Several techniques are commonly used in the laboratory for the detection of precipitins or IgG antibodies: immunodiffusion, electrosyneresis on cellulose acetate (Gari et al., 1982) and ELISA (Fenoglio et al., 2007; Reboux et al., 2007) . We previously showed that the detection of L. corymbifera antigen by electrosyneresis discriminated FLD patients from healthy exposed farmers with a sensitivity of 87 % and a specificity of 100 % (Reboux et al., 2007) .
Western blotting is an immunoprecipitation technique that is commonly used in the serodiagnosis of parasitic and fungal diseases [e.g. echinococcosis (Aslan et al., 2011; Tappe et al., 2008) , toxoplasmosis (Magi & Migliorini, 2011) , toxocarosis (García et al., 2007) and aspergillosis (Madan et al., 2004; Stopiglia et al., 2012) ]. This technique
has not yet proven to be effective for the serological diagnosis of FLD (Reboux et al., 2007) . Indeed, the molecular masses of the bands described as specific of FLD differ from one study to another (between 10 and 100 kDa) (Aznar et al., 1988; Iranitalab et al., 1989; Kumar et al., 1993; Kurup, 1987; Melinn & McLaughlin, 1992; Mundt et al., 1996) . Most of these studies were carried out with S. rectivirgula as the source of antigenic protein extract and none of them used fungi as a source of antigens.
In this study, we aimed to evaluate the utility of Western blotting for the serodiagnosis of FLD. This study involved:
(1) purified somatic antigens from an environmental strain of L. corymbifera; (2) automated measurement of the molecular mass and intensity of each band in Western blotting, and (3) sera from a population of FLD patients and healthy controls. (Dalphin et al., 2009; Schuyler & Cormier, 1997) (Table 1 ) and had at least one positive serological test result (Reboux et al., 2001) , as assessed by electrosyneresis with one presumed agent of FLD (Table 2) . A detailed health questionnaire was completed by all patients.
METHODS
Exposed control individuals (n521) were healthy farmers recruited by a pulmonologist during occupational medicine visits organized by a social security regimen for farmers (Mutualité Sociale Agricole). Spirometry, auscultation by the pulmonologist, serology (Table 2) and standardized medical questionnaires were performed to ascertain that none of the control individuals presented any general or respiratory symptoms. All were non-smokers. 
Western blotting for farmer's lung disease diagnosis
Seven non-exposed control individuals were chosen among healthy non-farmer volunteers living in an urban area (Creteil) and were recruited during blood donations in a specialized centre. These individuals were non-smokers, and a questionnaire was used to verify that they had not been exposed to a farming environment, birds or moulds at home.
The protocol was approved by the local ethics committee. Blood samples were taken from each individual with informed written consent. Samples were centrifuged within 4 h of sampling and sera were immediately stored at 280 uC.
Extraction of surface proteins from L. corymbifera. The L. corymbifera strain used in this study was the reference strain BBCM/ IHEM 3809 that was isolated from FLD-linked hay. The method for the extraction and purification of surface proteins from the fungus was adapted from Millon et al. (2012) . Briefly, fungi were grown in DG18 medium for 1 week at 30 uC until they reached a high density. Fungal cells from 20 plates were first suspended in 60 ml sodium phosphate buffer (10 mM Na 3 PO 4 and 0.15 M NaCl, pH 6). After centrifugation, pelleted cells were resuspended in 20 ml of 0.1 M Tris/ HCl buffer (pH 8.5) supplemented with protease inhibitors (1 mM PMSF, 1 mM phenantroline, 1 mM pepstatin; Sigma-Aldrich). After a 1 h incubation at room temperature with 1500 IU recombinant 1,3-b-glucanase (Lyticase from Arthrobacter luteus; Sigma-Aldrich), the mixture was centrifuged and filtered through a 0.45 mm syringe filter (Millipore) to separate soluble proteins from cell fragments. Proteins were then precipitated with TCA (0.42 M) in the presence of deoxycholate (0.01 %, w/v) for 15 min at 4 uC and were purified with a SDS-PAGE Clean-Up kit (GE Healthcare). Purified proteins were finally air-dried and conserved at 220 uC until use. Protein extraction was performed three times from three different batches of culture plates. Protein concentration was determined with the DC Protein Assay (Bio-Rad) following the instructions of the manufacturer.
Western blot analysis
Protein electrophoresis, transfer and immunodetection. Protein electrophoresis, transfer onto nitrocellulose membrane and immunodetection were carried out as described previously (Rouzet et al., 2014) . About 250 mg of protein was first separated by SDS-PAGE (4 % stacking gel, 10 % resolving gel). Migration was stopped 10 min after the front had left the separating gel. After SDS-PAGE, proteins from the gel were transferred for 2 h at a constant voltage of 80 mV onto a 0.45 mm nitrocellulose membrane (Schleicher & Schuell) in Towbin buffer (25 mM Tris, 192 mM glycine, 20 % methanol and 0.004 %, w/v, SDS). Two different membranes were prepared from each protein extract (n53). Finally, the membranes were cut into strips (24 strips per membrane) of 3 mm width and stored at 4 uC until used. Strips cut at each extremity of the membranes, which often showed anomalies of migration, were not used for subsequent analyses. After saturation of aspecific sites with BSA diluted at 3 % (w/v) in 1 ml Tris-buffered saline containing Tween (0.05 %, v/v), each nitrocellulose strip was incubated successively with one serum and an anti-rabbit antibody coupled to alkaline phosphatase enzyme (goat anti-human IgG phosphatase alkaline conjugates; Sigma) diluted 1 : 500 and 1 : 2000, respectively, in 1 ml saturation buffer. Each step was carried out for 1 h at room temperature under gentle agitation. Bands were detected by colorimetry. The membranes were incubated for 10 min in 1 ml alkaline phosphatase buffer supplemented with 0.2 mM nitro blue tetrazolium and 0.15 mM 5-bromo-4-chloro-3-indolyl phosphate (Roche Diagnosis). Membranes from the same batch were probed simultaneously, once only with each serum. The outermost strips from each membrane were probed with a positive control (serum from patient FLD3) to ensure a high degree of accuracy in the subsequent alignment of strips and in the normalization of band intensities between assays.
Detection of bands. Images of the strips were acquired with a Molecular Imager ChemiDoc XRS system (Bio-Rad) and analysed with the Band analysis quickguide in the Quantity One 1-D analysis Bio-Rad) . Alignment between the strips from a given membrane was adjusted according to bands from the outermost strips incubated with the control serum FLD3. Bands were detected by the disk background method with the following parameters: background radius, 2.0; band sensitivity, 10.0; band width, 2.5, band minimum density, 0.0; band filter, 4.0; band shoulders, 1.0; band size, 5.0. After all bands had been identified, blots were also analysed visually to rule out all suspected artefacts. The molecular mass of each band was determined by interpolation of molecular mass marker lanes. Band intensities were determined quantitatively and were given in arbitrary units. Data were recorded in a database for further analysis.
Data analysis. Different variables were assessed alone or in combination: the number of bands, the intensity of the bands and the presence of specific bands. Sensitivity, specificity, positive predictive value (PPV), negative predictive value (NPV), positive likelihood ratio (LR+), negative likelihood ratio (LR-) and OR were determined for each variable evaluated. A receiver operating characteristic (ROC) curve was plotted to determine the significance of the variable 'number of bands' in the diagnosis. The intensity of the bands was either included in or omitted from the analysis.
RESULTS

Western analysis
Western blotting experiments were carried out three times with three different batches of proteins using sera from 21 patients with FLD and 21 unpaired healthy exposed controls (HECs). Some strips were also probed with negative control sera from individuals living in an urban area and showed only a few faint bands that we could only detect with the imager (data not shown). Given that the maximum intensity of these bands was close to 1500, only bands with an intensity greater than or equal to this value (bands visible to the naked eye) were considered for data analysis.
There were no variations between the readings of the three batches of strips in terms of the number of bands obtained for each serum and the intensity of each band. Therefore, the analysis was carried out on a single set of data (representative of the two others). However, variations in molecular mass between the three readings were taken into account to calculate SDs (SD50.5 between 24 and 32 kDa, SD51 between 33 and 41 kDa, SD51.5 between 42 and 62 kDa, SD52-2.5 between 62 and 115 kDa, SD53.5-4 between 115 and 140 kDa, SD55 between 140 and 200 kDa). Bands differing by ,1 SD in molecular mass were thus considered as a single band.
Number of bands as a diagnostic criterion
One representative blot is shown in Fig. 1 . The mean number of bands detected with IgG from FLD sera (7.3±3.8) was higher than that detected with IgG from HEC sera (4.7±3.0) ( Table 3) . A threshold of five bands was determined by ROC analysis. The area under the curve was 0.678, sensitivity and NPV values were 85.7 and 76.9, respectively, but specificity and PPV values were low (47.6 and 62.1, respectively).
Band intensity as a diagnostic criterion
We then focused on the intensity of the detected bands. Band intensities, expressed in arbitrary units, ranged from 1500 to 12694 (mean intensity: 3338±2236) in the FLD group and from 1500 to 12802 (mean intensity: 3077±1705) in the control group. When all bands with an intensity ¢1500 were considered in the diagnostic test, the OR was 5.5 (95 % CI: 1.2-24.3). Consideration of only the bands with high intensity decreased rather than improved the diagnostic value of the test; the OR was 3.7 (95 % CI: 0.8-16.7) considering only bands with intensities ¢3000 and 4.5 (95 % CI: 1.0-20.1) considering only bands with intensities ¢6000 (Table 3) .
Presence of specific bands as a diagnostic criterion
There were 28 distinct antigenic bands with molecular masses ranging from 22 to 181 kDa (Fig. 2) Fig. 1 . Immunoblots of L. corymbifera protein extract probed with sera from patients with FLD (left) or HECs (right). Goat antihuman IgG conjugated to alkaline phosphatase was used as a secondary antibody. Lane M, molecular mass of the marker proteins (kDa).
difference was significant only for the bands at 27.7, 40.3, 44.0 and 50.5 kDa. Characteristics of the test were determined for each of these four bands (Table 4) . With values ranging from 71.4 to 90.5 %, the specificity was good, but the specificity was low (,70 % for all four bands).
Combination of criteria to improve diagnostic accuracy
We explored whether a combination of the following criteria could improve the diagnostic accuracy of the test: a number of bands above the threshold of 5 (see Table 5 ) and the presence of each of the four bands described above. The best results [specificity, specificity, VPN and VPP all equal to 81 %; LR+ of 4.25 and OR of 18.06 (95 % CI: 3.87-84.29)] were obtained with at least two of the following three criteria: at least five bands detected by immunoblotting, the presence of one band at 40.5 kDa or another at 44.0 kDa. Test characteristics were not improved by combining more than three criteria (data not shown).
DISCUSSION
Our study demonstrates that Western blotting with purified antigen from L. corymbifera is useful to discriminate FLD patients from HECs, according to the presence of at least two of the following three criteria: at least five bands on the membrane, the presence of one band at 40.5 kDa or another at 44.0 kDa.
FLD is caused by exposure to a variety of organisms that grow in hay. Actinomycetes such as S. rectivirgula, Thermoactinomyces vulgaris or Streptomyces are now recognized as the main aetiological agents (Selman et al., 2010) ; however, other species, especially fungi (L. corymbifera, E. amstelodami and W. sebi) are also involved. The causative species varies according to agricultural practices and geographical area (Erkinjuntti-Pekkanen et al., 1999; Lappalainen et al., 1998; Reboux et al., 2001) . Analyses of environmental samples taken from the farms of patients included in the present study (data not shown) identified L. corymbifera as one of the most commonly isolated species (L. corymbifera was isolated in hay samples from 93.8 % of the farms). Furthermore, there were .800 c.f.u. L. corymbifera (g hay) -1 in at least one sample taken from each of these farms, which is defined as the risk threshold for FLD (Reboux et al., 2006; Roussel et al., 2005) . This high prevalence of L. corymbifera, in addition to studies showing that FLD serodiagnosis is strongly improved by the use of environmental strains (Lacasse et al., 2003; Reboux et al., 2001; Roussel et al., 2005) , prompted us to select a strain of L. corymbifera isolated from the farm of a patient as the basis of our serodiagnostic test. However, patients are unequally sensitized to all micro-organisms involved in FLD; therefore, the clinical relevance of the test may be improved with purified antigens from other aetiological agents (e.g. S. rectivirgula, T. vulgaris, E. amstelodami, W. sebi, etc.), alone or in combination. Table 3 . Characteristics of the test according to the number of bands revealed with sera from patients with FLD and HECs, and the intensity of bands Characteristics were defined from the results of a ROC curve analysis performed on a single set of data representative of the two others. Immunoreactive antibodies detected by immunoprecipitation techniques are often considered as markers of exposure rather than markers of the disease (American Thoracic Society, 1998; Cormier et al., 2004; Khan et al., 1995; Lacasse & Cormier, 2006) . We used sera from patients with FLD and from farmers without FLD who were exposed to the same micro-organisms to discriminate between these two possibilities. Sera from individuals who had never been in contact with the micro-organisms were also used to exclude non-specific antigens and determine the minimal intensity of the relevant bands.
Band intensity
Several studies have investigated the utility of Western blotting for the serodiagnosis of FLD, although the findings of these studies have not been put into clinical practice. Kurup (1987) and Aznar et al. (1988) reported that membranes containing antigenic proteins from S. rectivirgula probed with FLD sera had a higher mean number of bands than those probed with HEC sera. However, this finding was not further evaluated to define a threshold by ROC curve analysis for the serodiagnosis of FLD, as described in our study. Kaukonen et al. (1993) carried out Western blotting with antigenic proteins from Aspergillus umbrosus. Similar to the findings of Aznar et al. (1988) , they reported that signals observed with FLD sera were of a higher intensity than signals detected with HEC sera. We therefore focused on bands of high intensity; however, this diminished rather than increased the diagnostic accuracy of our test. The molecular masses of 75 % of bands detected with FLD sera and 85 % detected with HEC sera ranged from 27.7 to 79.5 kDa. FLDspecific bands were located around 27.7, 40.3, 44.0 and 50.5 kDa. Similarly, Western blots of S. rectivirgula or T. vulgaris antigenic proteins probed with patient-derived IgG showed bands in the same range of molecular mass (Aznar et al., 1988; Kumar et al., 1993; Melinn & McLaughlin, 1992) . In particular, bands at 28.0 and 51.0 kDa were described as specific markers of the disease; however, these markers are not used in clinical practice, probably due to the lack of a convincing association with the disease. Disparity between these studies and our analysis may be explained by the choice of the antigenic source, the geographical origin of the micro-organism, the distinct nature of antigens, the selection of sera to be tested and different methods of standardization.
Based on a combination of criteria (at least two of the following criteria: at least five bands on the strip, the presence of one band at 40.5 kDa or another at 44.0 kDa), the diagnostic performance of Western blotting with purified L. corymbifera antigens was good, and showed a sensitivity, specificity, NPV and PPV of 81 %, and an OR of 18.06. In a previous study comparing the diagnostic value of Western blotting with that of three other serological techniques (double diffusion, electrosyneresis and ELISA), we reported that electrosyneresis with L. corymbifera somatic antigens was the most powerful tool to discriminate FLD patients from control individuals, with a sensitivity and specificity of 87 and 100 %, respectively (Reboux et al., 2007) . In this study, we failed to identify FLD-specific bands in Western blots and to discriminate FLD patients from HECs with this technique. Discrepancies between these studies may be due to the distinct nature of the antigens used. Extraction and purification methods described in the present study thus appear to be a critical determinant of the effectiveness of Western blotting as a serodiagnostic tool. In the current study, enzymic lysis of the cell wall of L. corymbifera enriched the antigenic extract in intracellular proteins, and centrifugation at full speed and filtration steps removed cellular debris. In addition, we carried out a precipitation step with TCA and a washing step with acetone to produce a highly pure antigenic extract constituted exclusively of proteins. Indeed, we found that the quality of separation in this study was higher than that reported in previously published blots in studies about FLD, and we did not observe any smears (generally explained by the presence of glycoproteins).
Western blotting carried out with purified L. corymbifera antigen extracts thus appears to be a reliable technique to diagnose FLD, with diagnostic value close to that of electrosyneresis with L. corymbifera somatic antigens. The number of patients included in this study was small; however, given the low prevalence of the disease, this patient series can be considered as relevant. Although promising, values of test characteristics require validation with more sera, including sera samples from other sources. One of the biggest difficulties encountered in the analysis of Western blots is the accurate determination of the molecular mass of the signals. This is especially true for low-and high-molecular mass bands in gels with a moderate concentration of acrylamide, as used here. In our study, measurement of molecular mass was automated and strips were aligned according to the hybridization of the outermost strips; nonetheless, we observed variations between the readings of the three batches of strips. To overcome this problem, signals with similar molecular mass were grouped into a single band based on SD values determined for each band from the results of the three readings.
We analysed three different sets of membranes prepared from distinct batches of antigenic extracts. The number and intensity of the bands were very similar between batches. Particular care must be taken to prepare both antigen extracts and membranes according to strict protocols; nevertheless, the detection of bands is fast and easy. Large quantities of antigenic protein can be extracted at the same time and used to prepare many membranes (ready to be probed) that can be conserved at 4 u C for months without loss of protein integrity. The use of a sophisticated imager, which is often very expensive, is optional because band intensity is not a diagnostic criterion of the test. Therefore, this Western blotting technique could be easily adopted by other laboratories and used as a routine serological diagnostic test for FLD. The Western blotting technique described in this study may be used as a new routine test to discriminate FLD patients from HECs, provided that L. corymbifera antigens are prepared according to strict protocols. The serodiagnostic performance of this test is likely to be improved with the use of other antigens from micro-organisms involved in FLD. The industrial production of ready to use membranes would be a good way to standardize serological test results between laboratories.
